Alterations in the synthesis and degradation of proteins were investigated in intact lungs exposed to the volatile anaesthetic halothane. In rat lungs perfused in situ with Krebs-Henseleit bicarbonate buffer containing 4.5% (w/v) bovine serum albumin, 5.6 mM-glucose, plasma concentrations of 19 amino acids and 69OpM-EU-14C]-phenylalanine and equilibrated with O2/N2/CO2 (4:15 :1), protein synthesis, calculated based on the specific radioactivity of aminoacyl-tRNA, was inhibited by halothane. The anaesthetic did not affect degradation of lung proteins. The inhibition of protein synthesis was rapid in onset, dose-dependent, and quickly reversible. It did not appear to be associated with overall energy depletion, with non-specific changes in cellular permeability, or with decreased availability synthesis.
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Halothane and other anaesthetic agents are well known to affect a number of metabolic pathways, including those of oxidative, glycolytic and protein metabolism. Halothane exposure produced a doserelated inhibition of glutamate oxidation by mitochondria isolated from rat liver, as well as an inhibition of oxygen uptake in several tissues (Cohen, 1973) . These general effects may have been linked to stimulation of glycolysis in livers from fed rats and to inhibition of gluconeogenesis and urea synthesis in perfused livers from starved animals (Biebuyck et al., 1972a,b) . Overnight exposure of cultured lymphocytes to halothane inhibited the increase in [l4Clleucine incorporation that normally follows phytohaemagglutinin treatment (Bruce, 1975) . Furthermore, metabolic effects of anaesthetic agents may be enhanced when several drugs are administered in combination (Rannels et al., 1982a) or when tissue function is otherwise impaired, for example by hypoxia (McLain et al., 1979; Ross et al., 1979) . Both N20 (Nahrwold & Cohen, 1973) and steroid administration (Wozniak, 1978) increased the inhibitory effect of halothane on mitochondrial respiration.
Most studies of the metabolic effects of halothane have been performed in liver, reflecting clinical concern about the potential hepatotoxic effects of the drug or its metabolites (Cohen. 1977) . In contrast, although the agent is introduced through, and thus reaches its highest concentration in, the * To whom reprint requests should be addressed (Department of Physiology).
of amino acids as substrates for protein respiratory system, almost nothing is known about the effects of halothane on lung metabolism. Several studies reported inhibitory effects of halothane on uptake and metabolism of amines from the pulmonary circulation. Clinical doses of halothane decreased the uptake of circulating noradrenaline by lungs of intact dogs (Bakhle & Block, 1976) and by perfused rabbit lungs (Naito & Gillis, 1973) , and decreased uptake of 5-hydroxytryptamine by perfused rat lungs (Watkins et al., 1983) . Effects of the anaesthetic on carbohydrate or lipid metabolism have not been studied in lung tissue. Hammer & Rannels (1981) demonstrated that exposure of rabbit pulmonary macrophages to halothane rapidly inhibited protein synthesis in a dose-dependent and reversible manner. A similar inhibition was reported in preliminary studies with intact perfused rat lungs, where the effect of the drug was also exerted at the cellular level (Wartell et al., 1981) . The present studies were designed to confirm and extend the latter observations and to investigate the potential role of changes in amino acid availability in the mechanism of the halothane-induced inhibition of protein synthesis.
12h-light/12h-dark cycle. Rats were anaesthetized with an intraperitoneal injection of sodium pentobarbital (50mg/kg body wt), weighed and prepared for lung perfusion in situ as detailed previously . Perfusion parameters were as follows: tidal volume, 1.Oml/lOOg body wt.; respiratory rate, 72breaths/min; positive end expiratory pressure, 2 cmH20; pulmonary arterial pressure, 20 cmH20; pulmonary venous pressure, OcmH20; temperature, 370C.
Unless otherwise stated, the perfusion buffer was a modified Krebs-Henseleit bicarbonate buffer containing 5.6 mM-glucose, 4.5% (w/v) bovine serum albumin (fraction V, Pentex; Miles Laboratories), 19 amino acids at concentrations measured in rat plasma (Watkins & Rannels, 1980) and radioactive phenylalanine (690#M). High concentrations of phenylalanine (10 times those found in plasma) were used to minimize dilution of the specific radioactivity of the amino acid with non-radioactive phenylalanine released from protein degradation. Increasing extracellular phenylalanine to this concentration did not affect the rate of protein synthesis (Watkins & Rannels, 1980) . In all experiments, the lungs were ventilated and the perfusate was equilibrated with warmed (370C) humidified 02/N2/CO2 (4:15: 1).
Exposure ofthe lungs to halothane
Where indicated, the gas mixture above was equilibrated with halothane (2-bromo-2-chloro-1,1,1-trifluoroethane; Fluothane; Ayerst Laboratories, New York, NY, U.S.A.) by directing the gas flow to the buffer reservoir and ventilator (>4 litres/ min) through a Fluotec 3 vaporizer (Fraser Sweatman, Lancaster, NY, U.S.A.). Halothane concentrations in the perfusion medium were confirmed by using a Hewlett-Packard 5840-A gas-liquid chromatograph standardized against halothane solutions of known concentration. For these calibrations, an aqueous solution in equilibrium with a gas phase containing 4% halothane was calculated to contain the anaesthetic at a concentration of 1.09mm. Separation of halothane, on a Chromosorb 102 column, was performed exactly as detailed by Hammer & Rannels (1981) .
Measurements ofprotein synthesis and degradation
For estimates of protein synthesis, perfused lungs were rinsed in 0.15M-NaCl (40C), trimmed free of large airways, blotted on filter paper, and homogenized in 2.0 ml of 0.5 M-HC104. The acid-insoluble fraction was washed for determination of the incorporation of radioactive amino acid into lung proteins as described previously Watkins & Rannels, 1980 (Watkins & Rannels, 1980) showed that, when extracellular phenylalanine was present at high concentration, the specific radioactivity of the amino acid in these pools rapidly reached a steady state and remained constant throughout at least 3 h of perfusion.
Protein degradation was estimated by measuring release of phenylalanine into perfusion buffer which was devoid of phenylalanine and contained 20uM-cycloheximide to inhibit protein synthesis (Rannels et al., 1975) . Because phenylalanine was not metabolized by perfused lungs, except in the pathways of protein synthesis and degradation (Watkins & Rannels, 1980) , net changes in the concentration of the free amino acid reflected the balance between these pathways. In the presence of cycloheximide, net release of phenylalanine provided a direct index of the rate of proteolysis. In these studies, perfusion buffer volumes were measured at the end of the experimental period by isotope dilution.
Measurements of amino acid content and specific radioactivity in lung tissue and perfusate For amino acid analysis, lungs were trimmed and blotted as described above, and homogenized in 0.5 M-HC104 in a Polytron PT-10 (Brinkman) homogenizer. Perfusate samples were precipitated with an equal volume of 1.OM-HC104. Extracts of tissue or perfusate were neutralized with KOH, the soluble fraction was freeze-dried, and the residue was taken up in 0.05 M-lithium citrate buffer, pH 2.2, and analysed with a Beckman 119Cl amino acid analyser, as described by Rannels et al. (1975) . Radioactivity was determined by using a portion of the citrate-buffer sample and was assumed to be present only in phenylalanine, as shown by previous studies (Watkins & Rannels, 1980) . This assumption was validated periodically. Intracellular amino acid concentrations and the specific radioactivity of phenylalanine were calculated as detailed previously (Watkins & Rannels, 1980) . For measurements of the specific radioactivity of phenylalanyl-tRNA, perfused lungs were frozen at liquid-N2 temperatures and extracted exactly as described by Watkins & Rannels (1980) . After deacylation of aminoacyl-tRNA, the dried residue of the fraction containing free amino acids was taken up in 100,ul of 0.lM-NaHCO3, pH9.8, and mixed with an equal volume of acetone containing 2mM-['4C]dansyl (5-dimethylaminonaphthalene -1-sulphonyl) chloride (Amersham/Searle) of known specific radioactivity. Dansyl-amino acid derivatives were separated by t.l.c., and the specific radioactivity of [3Hlphenylalanine was calculated from the radioactivity in the dansyl-phenylalanine spot (McKee et al., 1978; Watkins & Rannels, 1980) . Perfusate samples were analysed similarly.
Other analyses
Tissue contents of ATP and sorbitol or amino acid spaces were determined as described previously . Verapamil used in these studies was supplied by Knoll Pharmaceutical Co. Diltiazem was provided by Marion Laboratories. Significance of differences between means was determined by using Student's t test; P values <0.05 were considered to be significant.
Results
Effect ofhalothane on the synthesis of lung proteins When rat lungs were perfused in situ with Krebs-Henseleit bicarbonate buffer equilibrated with 02/N2/CO2 (4:15:1), incorporation of V14C]-phenylalanine into protein began without a lag and continued at a linear rate for at least 3 h ( Table 1) . Equilibration of the same gas mixture with halothane vapour led to a dose-dependent inhibition of phenylalanine incorporation. The effect of the anaesthetic appeared to be rapid in onset; a significant (25%) inhibition of phenylalanine incorporation was observed as early as 15 min after exposure of the lungs to 4% halothane (Table 1) .
In preliminary studies (Wartell et al., 1981) , the inhibition of phenylalanine incorporation during halothane exposure was assumed to reflect inhibition of protein synthesis by the anaesthetic. Quantitative measurements of the rate of protein synthesis require, however, that the specific radioactivity of the immediate precursor to protein, aminoacyltRNA, be taken into account (for reviews, see Rannels et al., t977, 1982b) , under both control and experimental conditions. Previous studies showed that, under control conditions, increasing the extracellular phenylalanine concentration to 690pM led to a specific radioactivity of phenylalanyl-tRNA that did not differ significantly from that of phenylalanine in the perfusion medium (Watkins & Rannels, 1980) . The present results confirmed that, when [3Hlphenylalanine was added to the perfusate at high concentration, rates of protein synthesis calculated from the specific radioactivity of extracellular or tRNA-bound phenylalanine did not differ significantly ( Table 2) . Rates of synthesis calculated in these lungs agreed closely with those determined previously (Watkins & Rannels, 1980) . Similarly, in lungs exposed to 4% halothane, the specific radioactivity of phenylalanyl-tRNA reached 101% of that of the amino acid in the extracellular pool (Table 2 ). These observations showed that exposure of the lungs to halothane, even at high doses, did not modify the specific radioactivity of the pool of immediate precursor for the protein-synthetic pathway and that the extent of inhibition (46%) of protein synthesis by 4% halothane was reflected accurately when calculations were based on the specific radioactivity of extracellular phenylalanine. The rapid onset of the inhibition of phenylalanine incorporation by halothane, as well as the linearity with respect to time of amino acid incorporation in the presence of the drug (Table 1; Wartell et al., 1981) , suggested that in anaesthetic-exposed lungs the specific radioactivity of phenylalanyl-tRNA rapidly reached a steady state, as it did in control tissues (Watkins & Rannels, 1980) . From these observations, rates of protein synthesis were calculated from the data in Table I by linear regression analysis of phenylalanine incorporation and by using the specific radioactivity of extracellular phenylalanine. These calculations showed that synthesis of lung proteins was inhibited by halothane in a fashion linearly related to the dose Vol. 210 Table 2 . Estimates ofprotein synthesis based on the specific radioactivity ofaminoacyl-tRNA Lungs were perfused for 60min with buffer equilibrated with 02/N2/CO2 (4 :15 :1) and 4% halothane, as indicated.
The specific radioactivity of extracellular and tRNA-bound phenylalanine were determined by using t.l.c. of as detailed previously (Watkins & Rannels, 1980 of phenylalanine from lungs perfused with buffer containing cycloheximide. No effect of halothane on phenylalanine release was observed, although the inhibition of protein synthesis (530/9) in tissues perfused in parallel studies was somewhat larger than that described above (Table 3) . Calculation of the balance of protein turnover, based on the difference between rates of protein synthesis and degradation, suggested that, under the present conditions of perfusion, the lungs were in negative nitrogen balance, with proteolysis exceeding protein synthesis by 30%. This negative balance of protein turnover increased substantially in lungs exposed to halothane, where rates of proteolysis were about 3 times those of protein synthesis (Table 3) .
Factors accounting for the inhibitory effect of halothane on synthesis oflung proteins Measurements of whole-tissue ATP showed that halothane exposure did not result in overall energy depletion in lung (Table 4) . Furthermore, concentrations of ATP similar to those in control tissues were observed in another group of lungs 60 min after halothane exposure was stopped, that is, after the effect of the anaesthetic was fully reversed. These observations, taken with the rapid reversibility of the inhibition of protein synthesis and with the lack of an effect of halothane on proteolysis, supported the conclusion that exposure of the lungs to the anaesthetic did not result in extensive tissue damage.
Modification of the properties of lung cell membranes is a likely event during exposure of the tissue to a volatile anaesthetic. Inhibition of amino acid transport or alterations in the availability of amino acids in the intracellular pool resulting from changes in cellular permeability could limit the rate of protein synthesis (Rannels et al., 1974 Rannels, unpublished work) was not altered in halothane-exposed tissues. Data from the proline experiments are shown in Fig. 2 . These studies Table 3 . Effect ofhalothane on the balance ofprotein turnover Lungs were perfused for 120 min as described in the Materials and methods section and were exposed to 4% halothane, as indicated. For estimates of protein degradation, the perfusate contained 20pM-cycloheximide and plasma concentrations of amino acids, but no phenylalanine. Protein synthesis was measured as described above; the perfusion buffer contained plasma concentration of 19 amino acids and 690pM-[14Clphenylalanine. The lungs were assumed to contain 118mg of protein/g wet wt. . The balance of protein turnover was calculated from the difference between rates of protein synthesis and degradation; a negative value represents net release of phenylalanine from the tissue. Data represent means + S.E.M. for the numbers of observations shown in parentheses. ***P < 0.001 versus control. Table 4 . Effect ofhalothane exposure on lung A TP Lungs were perfused for 60 or 120 min and exposed to halothane as indicated. In one group of tissues, halothane exposure was stopped after 60min and perfusion was continued in the absence of the anaesthetic, as outlined in Fig. 1 ('reversal') . ATP was measured in HC104 extracts of tissues frozen rapidly, as described in the Materials and methods section. indicated that cellular permeability was not altered drastically in anaesthetic-exposed lungs.
Further experiments suggested that the inhibition of protein synthesis in the presence of halothane was not associated with decreased availability of amino acids in the intracellular pool. When the concentrations of amino acids added to the perfusate were increased to 5 times the plasma value, the extent of the inhibition of protein synthesis by halothane was not diminished (4% halothane inhibited by 41%; P<0.01). although the intracellular concentrations of most amino acids increased 2-5-fold (results not shown). However, not all amino acids increased intracellularly, tryptophan being a notable exception. Even when extracellular tryptophan was 5 times the plasma concentration, intracellular tryptophan did not differ significantly from zero (results not shown), presumably reflecting binding of the amino acid by albumin in the perfusate. Thus the perfusate tryptophan concentration was increased to a value high enough to expand the intracellular tryptophan pool significantly; other amino acids in the perfusate remained at the plasma concentration. Under these conditions, a similar inhibition of protein synthesis by halothane was observed, although intracellular tryptophan was increased to more than 400,UM, in both the presence and the absence of the anaesthetic (Table  5 ). In the same lungs, intracellular concentrations of seven of the 20 amino acids measured increased after halothane exposure, although no differences in the concentrations of these compounds in the perfusate were noted. The large perfusate-to-intracellular-pool concentration gradients observed for several amino acids (Table 5) further support the conclusion reached above that membrane integrity was preserved in anaesthetic-exposed lungs.
Discussion
The present studies confirm and extend previously reported preliminary observations which suggested that the volatile anaesthetic halothane inhibits protein synthesis in the lung (Wartell et al., 1981) . The data in Table 2 provide the first direct confirmation that lower rates of amino acid incorporation into protein in the presence of anaesthetic agents represent an actual decrease in the rate of protein synthesis, rather than a reflection of altered specific radioactivity of the precursor amino acid. This conclusion is based on calculations of the synthesis rate by using the specific radioactivity of aminoacyl-tRNA. Direct considerations of precursor specific radioactivity were not made in any previous studies of the effects of anaesthetics on protein synthesis of which we are aware (Schmidt & Rosenkranz, 1970; Bruce, 1975; Chvapil & Hameroff, 1978; Eichhorn & Peterkofsky, 1979; Hammer & Rannels, 1981; Wartell et al., 1981) . The present experiments also confirm the observation that when extracellular concentrations of radioactive phenylalanine are increased to 690,UM, ten times the plasma value, the contribution of proteolysis-derived amino acids to protein synthesis is negligible (Watkins & Rannels, 1980) . A similar equilibration between tRNA-bound and extracellular phenylalanine specific radioactivities was reached in the presence of halothane.
The inhibitory effect of halothane on the synthesis of lung proteins was reversed rapidly, probably within the first 15 min after delivery of the anaesthetic was stopped. Rapid reversal of the (Wartell et al., 1981) and in pulmonary macrophages (Hammer & Rannels, 1981) . Rates of synthesis in lungs previously exposed to halothane did not differ significantly from those in control tissues, but tended to be higher than control values (Fig. 1) . In some experiments, rates of synthesis measured 30-60min after a 1h exposure of the lungs to halothane were significantly higher than those in control tissues (P<0.01); this overshoot in the synthesis rate was not observed consistently, nor is information available about its potential mechanism. Previously published studies in cultured mixed lung cells (Wartell et al., 1981) and pulmonary macrophages (Hammer & Rannels, 1981) indicated that the effects of halothane are exerted at the cellular level and do not reflect alterations in perfusion of the pulmonary vascular bed resulting from anaesthetic-mediated changes in vascular resistance. Measurements of pulmonary flow at a constant perfusion pressure of 20cm H20 indicated that overall vascular resistance is not altered substantially in the present preparation by haloVol. 210 thane (Wartell et al., 1981) . Evidence obtained in both intact lung tissue and isolated lung cells indicated that exposure to the anaesthetic does not lead to extensive or irreversible damage, further suggesting that the effects of the drug are exerted in some specific fashion at the cellular level.
Halothane exposure did not alter the rate of degradation of lung proteins. Although the overall regulation of proteolysis in lung tissue has not been much investigated, hypoxia inhibits protein degradation in the lung (Chiang et al., 1981) and other tissues (Chua et al., 1979) . In the latter case, these effects are associated with accumulation of lactate and H+ ions, products of anaerobic metabolism. Together, these observations further suggest that halothane exposure does not lead to regional hypoxia in lung tissue resulting from altered perfusion. Other studies showed that halothane did not inhibit the degradation of endogenous proteins or of exogenous bovine serum albumin by pulmonary macrophages (Hammer & Rannels, 1981) . Local anaesthetics, on the other hand, may exert inhibitory effects on the proteolytic pathway (Carpenter & Cohen, 1976; Dean, 1979) .
A variety of mechanisms could be proposed to account for the effect of halothane on synthesis of lung proteins. Anaesthetic agents are well known to affect cellular metabolism through several pathways (Cohen, 1973; Biebuyck & Lund, 1974; Hallen & Johansson, 1975) , as well as to exert effects on cellular membranes (Trudell & Cohen, 1975) and protein conformation (Eyring et al., 1973 (Wunner et al., 1966; Jefferson & Korner,-1969) . The role of tryptophan availability in limiting synthesis of lung proteins is controversial (Gacad et al., 1972; Rannels et al., 1979) . In addition, halothane inhibits the uptake of 5-hydroxytryptamine by the intact lung by increasing the apparent Km of the transport system for this amine (Watkins et al., 1983) , which is structurally similar to tryptophan. However, the inhibitory effect of halothane on protein synthesis was observed under conditions where the extracellular tryptophan concentration was raised sufficiently to enlarge the size of the intracellular pool of the amino acid well beyond that present in control lungs. These observations are consistent with other experiments which showed that, in lungs perfused with buffer containing bovine serum albumin (fraction V), increasing the concentration of 20 amino acids in the perfusion buffer to 5 times the plasma value did not affect synthesis of lung proteins (J. M. Besterman, C. A. Watkins & D. E. Rannels, unpublished work).
The possibility that alterations in calcium metabolism were involved in the mechanism of the inhibitory effects of halothane was considered, because general anaesthetics decrease the sensitivity of potassium-depolarized blood vessels to CaC12-induced contraction and inhibit the Ca2+-dependent spontaneous mechanical activity involved in maintenance of vascular smooth-muscle tone (Altura & Altura, 1981) . This link between anaesthetic action and Ca2+ metabolism is further supported by more direct studies (Nayler & Szeto, 1972; Turlapaty et al., 1979; Altura et al., 1980) , including the observation that Ca2+ reverses the halothaneinduced depression of papillary-muscle contractility (Price, 1974) . These relationships are of interest in light of the observation that the Ca2+ antagonist verapamil (10-1OOpM) decreased the incorporation of radioactive proline into collagenase-digestible and non-collagen proteins by foetal-rat calvaria (Dietrich & Duffield, 1979) . Synthesis of skeletal-muscle proteins increased in the presence of the Ca2+ ionophore A23187 (Kameyama & Etlinger, 1979; Roufa et al., 1981) . Synthesis in incubated muscles was unaffected by 2 mM-EGTA (without added Ca2+), and was not increased by the ionophore in the presence of the chelator (Kameyama & Etlinger, 1979) .
In perfused lungs, increasing extracellular Ca2+ 4-fold had no effect on protein synthesis [2.5mM-Ca2+, 1.76+0.11 (S.E.M.) nmol of phenylalanine incorporated/h per mg of protein, n = 17; 10.5mM-Ca2 , 1.85+0.13, n=91. Similarly, synthesis was unchanged in tissues supplied perfusate without added Ca2+, but containing 0.5 mM-EDTA (1.62 + 0.13, n = 4), or with perfusate containing verapamil (100AM; 1.68 + 0.12, n = 9). Diltiazem (100,M), a second Ca2+ antagonist, decreased synthesis by 30% (1.26 +0.08, n = 9; P<0.005 versus control). Attempts to reverse or prevent the halothane-mediated inhibition of protein synthesis with the Ca2+ ionophore A23187 (lO,g/ml) were unsuccessful; lungs exposed to the drug rapidly developed severe oedema, which blocked pulmonary flow. Although the results with diltiazem are consistent with the hypothesis that halothane may act through modulation of cellular Ca2+, no supporting evidence is available. Clearly, the drawing of any conclusions about the role of the cation in the inhibitory effect of halothane requires more detailed studies of the role of this and other factors in the regulation of protein synthesis in lung.
